Ordered nanoporous bismuth oxide layer consisting of metastable β-Bi 2 O 3 phase that showed n-type semiconductivity was synthesized by a simple electrochemical anodization of bismuth substrate. When the anodic nanoporous β-Bi 2 O 3 samples were tested as photoanodes for solar water splitting application in 0.5 M Na 2 SO 4 (pH:5.8), and 1 M KOH (pH:13.7), the photocurrent decayed continuously with time from an initial value of 0.95 mA/cm 2 under 1-sun illumination at a bias potential of 1.5 V RHE . Accumulation of photo generated holes at the photoanode/ electrolyte was attributed to the photocurrent decay. Addition of methanol as sacrificial hole scavenger was not found to be effective for the bismuth oxide photoanodes. When hydrogen peroxide was added to the 0.5 M Na 2 SO 4 electrolyte, the photocurrent density increased to ∼4 mA/cm 2 and was stable for more than 1 h of illumination of AM1.5 global light at 1.5 V RHE . Addition of hydrogen peroxide to the 1 M KOH solution showed a gradual increase in the photocurrent density for the first 300 seconds of light illumination to a maximum value of ∼10 mA/cm 2 at 0.65 V RHE and then it decreased continuously. The high photocurrent density of nanoporous β-Bi Bismuth based mixed oxides such as BiVO 4 , BiFeO 3 , BiWO 6 , Bi 3 NbO 7 , and Bi 2 MoO 6 are being actively investigated as promising high efficiency photocatalysts for solar water splitting applications.
These bismuth based oxides show predominantly n-type semiconductivity and therefore function as photoanodes in the photoelectrochemical water splitting process. A significant amount of literature is available on the photoelectrochemical behavior of bismuth based ternary oxides, however very few studies have reported the performance of the binary Bi 2 O 3 which is the elementary constituent of the advanced bismuth mixed oxides. The photocatalytic behavior of the bismuth based oxides is well documented and the factors that limit their performance is well understood. Most importantly they exhibit low catalytic activity for oxygen evolution, which results in hole accumulation at the electrode/electrolyte interface. In order to overcome this limitation, a thin layer of oxygen evolution catalysts such as Co-Pi, FeOOH, Ni(OH) 2 or CoPO 4 is usually coated on the photoanodes. [12] [13] [14] [15] [16] [17] The binary and ternary bismuth oxides show more or less similar electronic structures, where the valence bands of both binary Bi 2 O 3 , and mixed bismuth oxides are considered to be formed by O-2p and Bi-6s orbitals. 18, 19 The top of the Bi-6s orbital is positioned at more negative potential than that of O-2p. [20] [21] [22] The conduction band of Bi 2 O 3 is predominantly formed by Bi-6p orbitals. Whereas, the conduction band of mixed bismuth oxide is determined by the d-orbitals of transitions metals present in the mixed oxide. Bismuth oxide shows enhanced mobility of charge carriers because of its well-dispersed valence bands and it has high refractive index and large dielectric constant due to lone electron pairs of Bi(III) 6s 2 that induces intrinsic polarizabilities. 19, 21, 22 These properties make it attractive for photocatalysis. Bismuth oxide is available in six different polymorphs. 23, 24 Among these polymorphs, monoclinic α and face centered cubic δ phases are the stable phases at room temperature and at above 730
• C respectively. The other phases are metastable that are stabilized either by relevant doping or synthesis conditions. The metastable tetragonal β-Bi 2 O 3 is of interest to the photocatalysis community because of its superior photo activity with a bandgap of ∼2.5 eV and an n-type semi-conductivity. 25 Recently the present authors reported formation of nanoporous anodic oxide of bismuth by a facile anodization process. [26] [27] [28] [29] The * Electrochemical Society Member. z E-mail: chit7390@vandals.uidaho.edu; kalyanchitrada@gmail.com nanoporous β-Bi 2 O 3 showed relatively high initial photocurrent density, yet the photocurrent decayed upon continuous illumination. The photocurrent decay could be predominantly attributed to accumulation of holes. It is well known that addition of hole scavengers would assist in estimating and understanding the bulk charge recombination behavior by mitigating surface recombination of accumulated holes and therefore enhancing the photocurrent. Sayama et al. reported enhanced photo activity of BiVO 4 either by surface modification with AgNO 3 or by addition of methanol as hole scavenger. 17 The current density increased more than 80% with the implementation of either one of the modifications. Interestingly, the effect was not additive when the surface modified BiVO 4 with Ag + was tested in the electrolyte with the methanol addition. Similar observation was reported by Long et al. for the BiVO 4 electrode surface modified with a ptype Co 3 O 4 layer. 14 Addition of 10 vol% methanol as hole scavenger did not increase the photo activity because the holes were considered to have been trapped by the Co 3 O 4 layer at a potential not positive enough to oxidize the methanol. Similar to the Ag + , Co 3 O 4 catalyzed only the oxygen evolution reaction. Dotan et al. evaluated the photoelectrochemical properties of hematite using hydrogen peroxide as a hole scavenger. 30 The addition of hydrogen peroxide was found to remove the barrier for charge injection at the electrode/electrolyte interface and shift the onset potential of photocurrent to more negative values. No current doubling effect was observed in the hematite with the addition of H 2 O 2 . On the other hand, current doubling effect has been reported in case of InP electrode. 31 The current doubling was explained by the following reactions with the formation of a HO 2 * radical intermediate in the first step (Reaction 1) and electron injection in to the conduction band in the second step (Reaction 2):
In the absence of current doubling, the radical intermediate could capture another hole and the Reaction 2 could be modified as:
Current doubling was observed with the addition of organic hole scavengers such as alcohols, formate, and aldehydes in other semiconductor electrodes like ZnO, CdS, and [34] [35] [36] However, under similar experimental conditions this phase transformation was inhibited in bismuth oxide based nanocomposites. 37, 38 To the best of the authors' knowledge, formation of Bi 2 O 4-x in the Bi 2 O 3 materials under solar water splitting conditions has not been reported earlier. Moreover, the in-situ formation of the Bi 2 O 4-x phase is an interesting phenomenon because not only the light harvesting ability of the composite electrode is enhanced due to the narrow bandgap (∼1.4 eV) of the Bi 2 O 4-x , but also the surface activity is improved due to its non-stoichiometric character. Therefore, it is envisaged that the composite structure of β-Bi 2 O 3 /BiO 2-x will be more stable than α-Bi 2 O 3 /Bi 2 O 4-x structure due to closely matching lattice structures and lattice parameters of the β-Bi 2 O 3 and BiO 2-x phases. In this manuscript, we report exclusively the strategies that were implemented to study and understand the photoelectrochemical behavior of β-Bi 2 O 3 nanoporous thin films. We discussed the decaying photocurrent behavior of β-Bi 2 O 3 as a function of pH. Also, adherence of oxygen bubbles and occlusion of H + ions at electrode/electrolyte as possible reasons for the observed photocurrent decay are discussed. Likewise, the effect of sacrificial reagent additions as hole scavengers on the photoelectrochemical behavior of β-Bi 2 O 3 was studied to understand accumulation of holes at electrode/electrolyte interface. The effect of addition of hole scavengers on the morphology, chemical composition and photoelectrochemical behavior of β-Bi 2 O 3 nanoporous photoanodes was examined in detail. Finally, in-situ formation of BiO 2-x phase during illumination of β-Bi 2 O 3 photoanode was observed under specific conditions and the effect of such photo conversion on the solar water splitting application was discussed.
Experimental
Fabrication of nanoporous oxide films.-Disc samples (3 mm thick) were sliced out of 12.5 mm diameter bismuth rods (99.99% purity, Alfa Aesar) and then the surfaces were metallographically polished, washed thoroughly using acetone, distilled water and dried in a stream of air. The polished bismuth samples were encapsulated in a polyether ether ketone (PEEK) sample holder exposing only 1 cm 2 of the active surface area to the anodization electrolyte. The anodization was carried out at room temperature in 200 ml of 0.3 M citric acid (Macron Fine Chemicals) aqueous solution at 20 V for 30 minutes using a two-electrode configuration with a 7.5 cm 2 platinum flag as a counter electrode. The distance between the Pt-cathode and bismuth anode was maintained constant at 1 cm. The electrolyte was not stirred during anodization. A DC power source (Sorensen XPF-60-20 dual DC power supply) was used for applying the required anodization potential. After anodization the samples were thoroughly rinsed with DI water, air dried and thermal annealed at 200
• C for 2 h.
Material characterization.-The anodic oxide layer was analyzed for morphology using scanning electron microscope (LEO SUPRA 35VP) and X-ray diffraction patterns were recorded in the 2θ range from 10
• to 80
• in Parallel Beam (PB) mode, with a scan speed of 1
• /min and step width of 0.06
• using a Rigaku Smartlab 3kW Xray diffractometer using Cu Kα wavelength (λ = 1.541 Å; 40 kV, 44 mA). The surface valence states and electron density of states at the surface were evaluated using X-ray photoelectron spectroscopy (PHI Quantum 2000), employing a source of mono-chromated Al-Kα (1488.6 eV) radiation at an acceptance angle of ±23
• and takeoff angle of 45
• . Raman analaysis was carried out using a Thermo Scientific DXR Raman microscope fitted with a 532 nm laser and the analyses were carried out using two power levels of 1 mW and 5 mW at multiple locations in each samples and the data was collected from a spot diameter of 0.7 μm utilizing 32 exposures at an exposure time of 5 seconds. Optical absorbance spectra were recorded with a Shimadzu UV-2401PC spectrometer equipped with a tungsten lamp using barium sulfate as a standard reference. The step size and slit width used were 1 nm and 5 nm, respectively and the scans were recorded over a range of 250-900 nm.
Photoelectrochemical testing.-Photoelectrochemical studies were carried out using a three-electrode configuration where a Platinum wire spiral with a surface area of 7.5 cm 2 was used as a counter electrode. A graded pipette with a least count of 10 μL was placed over the Pt electrode to collect and measure the hydrogen evolving on the counter electrode by the electrolyte displacement method. The reference electrode was a home-made Ag/AgCl in saturated KCl + AgCl solution (199 mV vs. standard hydrogen electrode). The sample was enclosed in a home-made polyether ether ketone (PEEK) sample holder, only exposing 1 cm 2 of the active surface, to electrically connect with a potentiostat (Gamry Instruments, model: Reference 600). A solar simulator (SOLAR Light, Glenside, PA, USA, Model: 16S-300-002, Class A Spectrum) with a 300 W xenon lamp, and an air mass global 1.5 filter that gave 1-sun intensity (100 mW/cm 2 ) at appropriate settings was used for illumination of the samples. The light intensity was measured using a radiometer (SOLAR Light, Model: PMA 2100) in combination with a pyranometer (SOLAR Light, Model: PMA2144 Class II). Tauc plots were constructed by illuminating the samples using different band pass filters (Edmund Optics) in the range of 400-700 nm at 50 nm intervals and polarizing the samples at a constant potential of 1.5 V RHE in 1 M KOH. Even though the potentials were listed with reference to RHE for clarity in order to consider the pH effect, the potentials were applied with reference to an Ag/AgCl reference electrode during the experiments. The conversion of potentials to RHE scale was carried out using the relation:
Potentiodynamic, potentiostatic, electrochemical impedance spectroscopy (EIS), and Mott-Schottky analysis studies were carried out with and without illuminated conditions in 1 M KOH (pH ∼ 13.7) and 0. (2016) calculated values of the components of the equivalent circuits that typically represented less than 10% error in the model fitting. MottSchottky measurements were carried out at different frequencies (f) in the range of 100 -3000 Hz by scanning the potential of the sample from 1.5 V RHE to the open circuit potentials at 50 mV steps for every two seconds. The capacitance (C) of the space charge layer of the bismuth oxide was calculated from the measured imaginary impedance (Z ), and applied frequency (f), using the relation:
The slope of the Mott-Schottky plot (1/C 2 Vs potential) is considered for calculation of the defect or charge carrier density (N D ), based on the relation:
Where e = elementary charge, ε = dielectric constant of the semiconductor, ε 0 = permittivity in vacuum, and m = slope of the MottSchottky plot.
Results and Discussion
Morphology and structural characterization. indicating the presence of β-Bi 2 O 3 based on the previous literature values. 26, 27, 39, 40 The direct bandgap of the nanoporous oxide sample was 2.37 eV as observed from the Tauc plot given as Figure S1 (supporting information). The Bi 3+ intra-ionic electronic transitions and charge transfer transitions between oxygen ligands and Bi 3+ ions could be assigned to the observed band gaps. 41 The reported bandgap of the tetragonal β-Bi 2 O 3 is ∼2.5 eV and the monoclinic α-Bi 2 O 3 shows a bandgap of 2.8 eV. 19 The lower bandgap of the nanoporous Bi 2 O 3 indicated that the samples did not contain other high bandgap phases such as α (2.8 eV) or δ (3.1 eV), 42 and thus validating the XRD and Raman analysis data of the nanoporous oxide. It was observed that the indirect bandgap of the nanoporous sample was 1.9 eV.
Photoelectrochemical behavior.-Effect of pH of the
Electrolyte.- Figure 2a shows the current Vs potential characteristics of the nanoporous bismuth oxide in two different pH conditions. The maximum photocurrent densities recorded at 1.5 V RHE were 0.94 and 0.91 mA/cm 2 in 1 M KOH and 0.5 M Na 2 SO 4 , respectively. The maximum (dark) current density recorded without illumination of the simulated solar light was 12 and 4 μA/cm 2 at 1.5 V RHE in 1 M KOH and 0.5 M Na 2 SO 4 , respectively. Chopping the illumination at low bias potentials showed cathodic current transients. The positive current during anodic bias of the sample represented electrons flowing from the bismuth oxide (photoanode) to the Pt counter electrode. According to Dotan et al. the negative current spike observed during the interruption of light was due to back reaction of electrons in the conduction band with the photo generated holes accumulated at the interface of the electrode/electrolyte interface. 30 The accumulation of holes at the oxide surface was due to high barrier to charge injection into the electrolyte. 43 Increasing the bias potential in the anodic direction decreased the cathodic current transient upon interruption of the illumination and after a certain potential the cathodic current transient disappeared and only the anodic current was observed as seen in the Figure 2a . The photocurrent transients at a constant potential of 1.53 V RHE of the nanoporous Bi 2 O 3 with interrupted illumination are shown in the Figure 2b . The photocurrent density in 1 M KOH was about 20% higher than that of 0.5 M Na 2 SO 4 . The photocurrent was observed to decay continuously with time in both the electrolytes. This photocurrent decay could be caused by several factors such as: a) accumulation of the photo generated holes at the electrode/electrolyte interface, b) adherence of oxygen bubbles on the nanoporous surface that effectively decreased the photo active surface area, and c) occlusion of H + ions that were generated by the Reaction 7 not reaching the counter electrode but reacting with the bismuth oxide and dissolving the photo active material through the Reaction 8:
The detrimental effect of oxygen bubbles sticking to the surface and occlusion of H + ions would be more pronounced in the nanoporous surface than a planar surface. It is envisaged that the shadowing effect of oxygen bubbles and occlusion of H + ions could have influenced the photocurrent decay behavior of the nanoporous bismuth oxide samples. If the photocurrent decay was influenced by the occlusion of the H + ions, then steeper photocurrent decay was expected in the low pH electrolyte. In contrast, the photocurrent at a constant potential decayed much faster in the 1 M KOH electrolyte (Figure 2b ) than in the 0.5 M Na 2 SO 4 , even though the oxygen evolution in high pH electrolyte is given by 4OH − + 4h + → 2H 2 O + O 2 . Therefore, the shadowing effect created by the oxygen bubbles by sticking to the nanoporous surface of the electrode could be predominant.
Effect of stirring.-In order to understand the shadowing effect of oxygen bubble, photoelectrochemical experiments were carried out on the nanoporous samples under vigorously agitated condition using a mechanical stirrer in 1 M KOH. The results are shown in Figure 3a . 
H550
Journal of The Electrochemical Society, 163 (7) H546-H558 (2016) The stirring of the electrolyte for forceful removal of oxygen bubbles from the nanoporous surface was not effective since there was no noticeable change in the photocurrent densities between these two experimental conditions. The effect of occlusion of H + ions within the nanopores of the bismuth oxide should be more pronounced when the pH of the electrolyte is low. However, comparison of the photocurrent Vs time plots in 1 M KOH solution (pH: 13.7) and 0.5 M Na 2 SO 4 (pH: 5.8) indicated that the pH of the electrolyte did not significantly affect the current decay as seen in Figure 2 . The current decay was more abrupt in 1 M KOH than in the 0.5 M Na 2 SO 4 electrolyte. In order to mitigate the photocurrent decay of the nanoporous bismuth oxide the next strategy adopted was to minimize the accumulation of the photo generated holes at the electrode/electrolyte interface. As indicated in the Experimental section, two types of hole scavengers were investigated, viz., 1) methanol, and 2) hydrogen peroxide.
Effect of hole scavengers.-Methanol addition-The results of the addition of 10 vol% methanol in 1 M KOH and 0.5 M Na 2 SO 4 solutions are given in Figures 3b and 3c , respectively. The potentiostatic tests at 1.53 V RHE did not show increase in the photocurrent with the addition of methanol in both the pH conditions on the nanoporous bismuth oxide samples. The absence of hole scavenging effect of methanol on the nanoporous β-Bi 2 O 3 electrodes was in contrast to the result observed on the BiVO 4 by Sayama et al. 17 However, Long et al. reported no increase in the photo conversion efficiency with the addition of methanol for the BiVO 4 /Co 3 O 4 composite electrodes. Trapping of holes by the Co 3 O 4 layer at a potential that was not positive enough to oxidize methanol was attributed to the ineffectiveness of the methanol addition.
14 The methanol oxidation occurs by the following steps with the TiO 2 photoelectrodes in basic electrolytes: 44 
O H
The redox potential for CH 2 OH * /HCHO was at −0.95 V NHE that was above the conduction band edge of the TiO 2 and thus directly injected electrons in to the conduction band of the TiO 2 resulting in the photocurrent enhancement. 45 However, in order to observe the current enhancement, the required intermediate was the formation of hydroxymethyl radical. In addition, the semiconductor should have a strong adsorption constant for the CH 2 OH * radical and a high electronic coupling for easy charge transfer. The absence of current enhancement with the addition of methanol for the nanoporous β-Bi 2 O 3 indicated that dehydrogenation of methanol to CH 2 OH * did not occur. Campbell and Parsons reported that submonolayer coverage of Bi 3+ on to Pt electrode inhibited oxidation of methanol. 46 On the other hand Bi 3+ coverage on Pt improved the oxidation of formic acid. Similar observations were made by other researchers as well. 47, 48 Yang observed that bismuth was not a good catalyst for the adsorption and dehydrogenation of methanol molecules. Therefore, the absence of the enhancement of photocurrent with methanol addition could be due to the poor catalytic behavior of bismuth species for methanol dehydrogenation. was different, where the rate of increase in the photocurrent was higher in the potential range of 0.9 to 1.5 V RHE even though the maximum current was only about 1 mA/cm 2 at 1.5 V RHE in 1 M KOH. The plateau like I-V plots observed above 0.6 V RHE potential range in the hydrogen peroxide containing electrolytes could be attributed to the saturation of band bending. 49 It is envisaged that the band bending occurred across the nanopore walls of the anodic oxide during the application of bias potential. The presence of an electric field due to the band bending separated the photo generated electrons and holes, and caused a steep increase in the photocurrent in addition to other factors as discussed below. When the space charge layer thickness was equal to the thickness of the nanopore walls at about 0.6 V RHE , the increase in the bias potential did not contribute to the band bending. Therefore, the photocurrent increased only marginally. The maximum dark current density (current recorded without illumination of the samples) is less than 15 μA/cm 2 in the 1 M KOH electrolyte and increased to 24 and 31 μA/cm 2 at 1.53 V RHE in both the concentrations of H 2 O 2 . Therefore, the observed high photo current densities cannot be accounted for the thermodynamic dissociation of hydrogen peroxide alone. This significant increase in the photo current density with the addition of H 2 O 2 could be attributed to the following reasons, viz., (a) hydrogen peroxide acts as hole scavenger and minimizes the hole accumulation at the photoanode/electrolyte interface that results in more electrons to flow to the counter electrode; (b) the onset potential of the photo current moves to a less positive potential (0. The HO 2 * radical is formed by scavenging a hole at the surface of the photoanode by Reaction 13 and this radical can inject an electron into the conduction band of the β-Bi 2 O 3 causing a current doubling effect. 31 Alternately, the HO 2 * radical can capture another hole from the photoanode surface as given in the Reaction 15 and minimize the charge recombination loss which in turn results in the increased photo current; and (d) combination of high pH, highly oxidizing environment created by the H 2 O 2 addition, and light illumination resulted in photo conversion of the β-Bi 2 O 3 into the BiO 2-X phase. The BiO 2-x has a lower bandgap of ∼1.4 eV due to the presence of Bi 5+ that has a low lying 6s 0 state and thus moving the conduction band minimum to lower energy level. 51 The composite structure of β-Bi 2 O 3 -BiO 2-x harvests more light in the visible region and enhances the photo current. The formation of BiO 2-x phase could have occurred by oxidation of Bi 3+ to higher valence states following the Reactions 16 and 17.
The above reactions would result in the current flow through the potentiostat. It was observed that the Reactions 16 and 17 did not result in significant increase in the current without light illumination since the measured dark current was very low. Moreover, formation of higher valence bismuth ions could be possible by other acid-base reactions as given in the Reactions 18-22. 
Presence of mixed valence states of Bi 3+ and Bi 5+ could be considered as formation of Bi 2 O 4-x or BiO 2-x type oxide structures on the photoanode surface. The partial transformation of the stoichiometry of the oxide would alter the electronic and photo catalytic behavior of the photoanode. The morphological and structural changes occurring on the photoanode will be discussed in later sections of this paper.
Figures 4c and 4d show the current Vs potential plots of nanoporous bismuth oxide samples in 0.5 M Na 2 SO 4 solution with and without the addition of 0.15 M and 0.3 M H 2 O 2 . The photocurrent densities increased with increase in the concentration of H 2 O 2 and with the increase in the applied potentials. There was no current plateau behavior observed in this electrolyte. The dissociation of hydrogen peroxide electrolytes with a pH lower than 11.63 can be expressed by the Reaction 24:
The photo current density of nanoporous Bi 2 O 3 in 0.5 M Na 2 SO 4 with the addition of H 2 O 2 was much lower than that of the 1 M KOH with hydrogen peroxide addition. The maximum photo current density was about 4 mA/cm 2 at 1.5 V RHE in 0.5 M Na 2 SO 4 with the addition of 0.3 M H 2 O 2 , which was about 30% of the photo current recorded in the 1 M KOH + 0.3 M H 2 O 2 at the same bias condition. Addition of 0.15 M H 2 O 2 to the 0.5 M Na 2 SO 4 solution showed a maximum photo current density of only about 2 mA/cm 2 which is just 100% higher than the current density recorded without addition of the hydrogen peroxide. Figure 5a shows the photocurrent transients (I-t plots) recorded in 1 M KOH at a constant potential of 0.65 V RHE with addition of H 2 O 2 at two different concentrations. The photocurrent densities were at about 2 and 7 mA/cm 2 at the start of the tests which increased to about 7 and 10 mA/cm 2 in about 150 seconds for the 0.15 M and 0.3 M H 2 O 2 additions respectively. After reaching these peak values, the photocurrent was stabilized for 60 seconds and thereafter, approximately after 300 seconds, the current started dropping steadily to around 3 and 4.5 mA/cm 2 by the end of the 1 hour illumination in both concentrations of H 2 O 2 . The current density at the end of 1-h test was about 40% of the maximum recorded current density. It was observed that under dark condition (without light illumination but with the same bias potential), the current density was about ∼32 μA/cm 2 indicating that the observed high current density was only due to the photocatalytic reaction. Similar kind of behavior was observed when the photo current density was recorded at 1.53 V RHE as a function of time in the KOH solution with the additions of H 2 O 2 as shown in Figure S2 (a). Applying higher bias potential increased the photo current following the trend observed during the potentiodynamic test. The high current density observed during illumination of the samples in the presence of hydrogen peroxide was attributed predominantly to the high photo activity of the in-situ transformed Bi 2 O 4-x phases. The contribution from the oxidative current due to transformation of Bi 3+ to Bi 4+ was considered to be less significant. A conservative estimation of charge passed through the Bi 3+ oxidation reaction would be only about 0.4 coulomb (assuming that the entire (∼1.9 μmol) Bi 2 O 3 photo anode converted to Bi 2 O 5 ). This value was only about 13% of the total charge accumulated during the first 300 seconds of illumination of the sample at 0.65 V RHE . When the light illumination was interrupted, the current dropped to less than 50 μA/cm 2 . These observations clearly indicated that the high current density recorded during the illumination was due to photo catalytic behavior and not photo degradation of the photoanode. Figure 5b shows the hydrogen evolution at the Pt-counter electrode as a function of time. The volume of hydrogen was measured by the water displacement method using a graduated pipette. The hydrogen volume collected in the pipette was compared with the values of charge accumulated by integrating the photo current density recorded during the photo electrochemical experiments as a function of time. The addition of 0.15 and 0.3 M H 2 O 2 to the 1 M KOH electrolyte increased the hydrogen evolution rate to 1.7 and 2.6 ml/h per 1 cm 2 area of the photoanode at 0.65 V RHE . Analysis of the collected gas in the pipette using gas chromatography confirmed only the presence of hydrogen. Initially the samples were of pale yellow in color indicative of the β-Bi 2 O 3 phase. The color of the sample did not change when tested in the 1 M KOH solution without H 2 O 2 addition. The samples tested in the 1 M KOH + H 2 O 2 turned into yellowish-brown, typical of the BiO 2-x phase indicating occurrence of the phase transformation. Hydrogen evolution rate for samples tested in presence and absence of H 2 O 2 at 1.53 V RHE is shown in Figure  S2 (b) . It is noted that the hydrogen evolution rate was about 0.030 ml/h per 1 cm 2 area of the β-Bi 2 O 3 photoanode in the KOH solution ( Figure S2 (b) ). shown in Figures S2 (c) and (d) . The amount of hydrogen evolved per unit surface area of the electrode per hour was almost the same for both the pH conditions without the addition of hole scavengers. When hydrogen peroxide was added, the rate of hydrogen evolved increased by an order of magnitude in both pH conditions, and the KOH (pH 13.7) electrolyte showed higher hydrogen evolution rate than the Na 2 SO 4 (pH 5.8) electrolyte. The faradaic efficiency was low without the addition of hole scavengers which could be attributed to the limitation of the experimental arrangement to measure very low volume of hydrogen evolution. When the solubility of hydrogen in the electrolyte column was taken into account, the faradaic efficiency was comparable to that of the hole scavenger additions. Figure 6a shows long term stability of samples tested in Na 2 SO 4 and pH 7 buffer in H 2 O 2 at 0.80 V RHE .
Addition of hydrogen peroxide: I-t characteristics.-
In order to understand the reason for the increase in the photo current densities with the addition of hydrogen peroxide, current transient measurements were carried out by chopping the illumination at quick successions. Figure 6b shows the current transients at different applied potentials under chopped illumination with various H 2 O 2 additions. At lower bias potentials cathodic current transients were observed in all the electrolytes. Table II summarizes the cathodic charge accumulation at the surface states of the samples. The results show that the addition of hydrogen peroxide decreased the cathodic charge accumulation. Furthermore, the potential at which no cathodic current transients observed shifted to less noble values with the addition of hydrogen peroxide. The absence of negative current transient when the light was interrupted at less anodic potentials implied that the accumulation of holes at the surface of the photoanode was absent and the electrons from the conduction band flowed through the potentiostat to the counter electrode suppressing recombination with holes. Furthermore, when the illumination was on, the positive current transients showed exponential type decay in KOH without H 2 O 2 addition. This exponential type decay was clearly absent and almost a plateau current behavior was noticed with the addition of hydrogen peroxide, except for the instantaneous current spike when the illumination was on. This plateau anodic current indicated that all the photo generated holes reached the electrode/electrolyte interface and participated in the oxygen evolution reaction:
At low pH, the oxygen evolution reaction can be given as: The photo current results in two different pH conditions revealed that Reaction 25 could occur at a faster rate than that of Reaction 26 on the nanoporous Bi 2 O 3 samples because partial dissociation of hydrogen peroxide had already occurred in the high pH condition as noted from the Reaction 12.
Material testing after photoelectrochemical testing.-In order to understand the distinctive behavior of the photoanode in the presence of H 2 O 2 in KOH, potentiostatic tests were interrupted at 200 and 300 seconds to characterize the samples for morphological and compositional changes using tools like SEM, XRD, XPS and Raman spectroscopy. Morphology of the sample removed at 200 seconds exhibited presence of both nanoporous and agglomerated structure indicating loss of high surface nanoporous morphology (Figure 7a ). After reaching 300 seconds, the sample demonstrated a complete loss of the nanoporous morphology as observed in Figure 7b . This agglomerated morphology was further stabilized thereafter till the end of the experiment. Correspondingly, the morphology of the sample tested in dark condition in 1 M KOH + 0.3 M H 2 O 2 also changed to agglomerated microstructure, however no increase in dark current density was H555 observed as seen in Figure 5a . It was observed that the nanoporous morphology was not effected when tested in the 1 M KOH under dark and illuminated conditions. 26 These observations indicated that addition of H 2 O 2 caused β-Bi 2 O 3 to BiO 2-x phase transformations that resulted in morphological changes. These morphological changes due to nucleation and growth of new BiO 2-x phase from the nanoporous β-Bi 2 O 3 decreased the effective surface area of the photoanode and caused decrease in the photocurrent density. The sample obtained at 300 seconds interruption was characterized using UV-DRS and XRD. The results confirmed the presence of the BiO 2-x phase in addition to β-Bi 2 O 3 . Figure 7c shows the results of optical absorbance as a function of wavelength. The sample prior to the photo electrochemical testing (labeled as β-Bi 2 O 3 ) absorbs light with wavelengths shorter than 530 nm, corresponding to a bandgap of 2.34 eV. The sample photo electrochemical tested in 1 M KOH + 0.3 M H 2 O 2 solution at 0.65 V RHE for 300 seconds (labeled as β-Bi 2 O 3 /BiO 2-x composite) shows increased light absorbance and absorbance of longer wavelength light as well. A small absorbance shoulder taking off at 680 nm is observed indicating the presence of a narrow bandgap phase. The bandgap of the composite structure is considered to be 2.19 eV. Similar results are observed from the Tauc plots constructed using the β-Bi 2 O 3 /BiO 2-x composite sample as shown in Figure S3 (supporting information). Figure 7d shows the XRD pattern of the sample after photo electrochemical testing in the 1 M KOH + 0.3 M H 2 O 2 solution at 0.65 V RHE for 300 s. The sample shows XRD peaks associated with β-Bi 2 O 3 (JCPDS card # 027-0050), BiO 2-X (JCPDS 047-1057), and bismuth from the substrate. The peak at 2θ = 29.5 is considered to be a characteristic peak of BiO 2-x by Hameed et al, 34 which is observed in this study also. The XRD results substantiates the formation of BiO 2-x phase in the photo electrochemical tested sample. In order to determine the valence states of bismuth, X-ray photoelectron spectroscopy was carried out on samples tested in 1 M KOH + 0. . 36 The resolved smaller couplets at higher binding energies at 159.3 and 165.1 eV could be assigned to the Bi 5+ that were present to the formation of the new BiO 2-X phase. 52 It is interesting to note that presence of Bi 5+ could be observed in the sample tested in the dark condition. However, the intensities of the higher binding energy couplet were much smaller than those observed on the sample tested under illuminated condition. Figure 7f shows the O 1s spectra of the samples tested in dark and light conditions in 1M KOH + 0.3M H 2 O 2 . The peak is centered around 530.2 eV with a significant shoulder at higher binding energies and the shoulder centered around 532 eV could be attributed to the presence of oxygen vacancies and the presence of BiO 2-x phase. 52 Electrochemical impedance spectroscopy.-An equivalent circuit for fitting the impedance spectra is given in Figure S4 and the typical electrochemical impedance spectra (EIS) of the nanoporous Bi 2 O 3 samples at 1.5 V RHE are given in Figures S5 and S6 (supporting  information) . The charge transfer is considered to occur through surface states of the top porous film represented by a parallel resistor (R t )-constant phase element (Y top ) components. The other parallel RC 
Where, Z = impedance, ω = angular frequency, j = √ −1, Y represents capacitance due to the space charge layer or interfacial capacitance and has a unit of capacitance when α = 1, surface heterogeneity or continuously distributed time constants for charge-transfer reaction are represented by α <1. The values of the different components of the equivalent circuit are summarized in Tables S1 -S2 (supporting information). The results of the EIS can be summarized as followed: When compared the results of dark and illuminated conditions of the same sample, the resistivity of the surface states (R top ) of sample decreased significantly for the illuminated case, and the barrier resistivity (R b ) decreased by orders of magnitude. This could be due to transfer of the photo generated electrons to the back contact of the sample. MottSchottky results as given in Tables S3-S5 (supporting information) also corroborated this observation with the increase in the majority carrier densities upon illumination. The dispersed capacitance due to the surface states of the porous layer (Y top ) and space charge layer (Y b ) increased significantly after illumination. Since the variations of the impedance values did not follow a particular trend, it was difficult to compare the values of the individual components between different experimental conditions and develop a meaningful insight in order to explain the photo electrochemical behavior of the samples. Figure  S7 shows the result of the electrochemical impedance spectroscopy of the nanoporous bismuth oxide samples after photo electrochemical testing in 1 M KOH + 0.3 M H 2 O 2 electrolyte. The impedance results are fitted with an equivalent circuit shown in Figure S8 and the fitted values are summarized in Table S6 . The impedance values of the sample tested in the hydrogen peroxide containing electrolytes were considerably smaller and the charge storage capacity was about 100% higher than the sample tested in 1 M KOH. The increased conductivity of the sample tested in the H 2 O 2 containing solution is attributed to the formation of BiO 2-x phase that has a narrow bandgap and charge transfer defects due to non-stoichiometry. However, the results of Mott-Schottky plots were more useful in understanding the photo electrochemical behavior of the samples.
Mott-Schottky analysis.-The charge carrier densities of the nanoporous Bi 2 O 3 samples were evaluated at different frequencies in 1 M KOH solution without the addition of H 2 O 2 and summarized in Table S3 (supporting information). The charge carrier density was not significantly influenced by the test frequency under dark condition. However, when illuminated the charge carrier density increased with decrease in the test frequency. This could be attributed to the ionization of deep level defects present as bandgap states. These defects could act as traps for charge carriers or recombination centers. The flatband potential shifted to less negative potentials with the decrease in the frequency under the dark condition while the flat potential of the illuminated condition remained constant at all frequencies and less negative than that of the dark condition. The less negative flatband potential implied accumulation of holes at the electrode surface under the illuminated condition. Addition of 0.15 M H 2 O 2 as hole scavenger to 1 M KOH also showed a similar Mott-Schottky behavior as that of 1 M KOH without H 2 O 2 for the nanoporous bismuth oxide sample as illustrated in the Table S4 (supporting information). However, with the addition of H 2 O 2 , the flatband potential was shifted to more negative potentials when illuminated. This observation, clearly indicated that presence of H 2 O 2 acted as surface hole scavenger. Furthermore, higher charge carrier density values were observed with the addition of H 2 O 2 than the sample tested in the solution without H 2 O 2 under the illuminated condition. This could be attributed to the decreased electron-hole recombination losses in the presence of hole scavengers. Table S5 summarizes the Mott-Schottky results of all the samples in different electrolytes at a frequency of 1000 Hz. The charge carrier density values can be correlated to the observed photo current densities. The nanoporous bismuth oxide sample tested in 1 M KOH + 0.3 M H 2 O 2 showed the highest photo current density which could be associated with the presence of BiO 2-x phase. Apparently, for spontaneous hydrogen evolution without any external bias, the flatband potential should be more negative than 0 V RHE . It is observed that the presence of H 2 O 2 shifted the flatband potentials to more negative potentials in the dark and illuminated conditions than those of the β-Bi 2 O 3 . The negative flatband potentials of the samples under illuminated condition indicated the possibility of having a spontaneous hydrogen evolution reaction without applying bias potential, and absence of hole accumulation at the electrode surface. Figure 10 shows the typical Mott-Schottky plots of the nanoporous bismuth oxide in composite) was higher than that of pure β-Bi 2 O 3 sample in the dark condition. The defects are considered to be oxygen vacancies because of the n-type semiconducting character. The higher oxygen vacancies observed in the composite electrode in the dark condition could be attributed to the presence of the non-stoichiometric BiO 2-x phase. However, the defect concentration was significantly less in the composite electrode than in the β-Bi 2 O 3 electrode under the illuminated condition. In spite of showing less defect concentration upon illumination, the composite electrode showed much better conductivity and higher photo current density initially compared to the β-Bi 2 O 3 sample, which could be attributed to the low bandgap energy of the BiO 2-x phase.
Conclusions
Based on the photo electrochemical experiments carried out on the anodic nanoporous bismuth oxide samples in two pH conditions (5.8 and 13.7) with and without addition of sacrificial hole scavengers, the following conclusions are drawn:
1. The nanoporous samples containing a β-Bi 2 O 3 phase after thermal annealing at 200
• C for 1 h were prepared by electrochemical anodization in 0.3 M citric acid. These nanoporous sample showed a photo current density of 0.9 mA/cm 2 at 1.5 V RHE that was decaying continuously with time. 2. Photoelectrochemical testing in two different pH conditions (for a possible occlusion of H + ions) and stirring the electrolyte (for a possible adherence of oxygen bubbles on the nanoporous surface) did not have an effect on the photo current density of the nanoporous oxide sample. 3. The photo current decay of the nanoporous oxide sample was associated with the photo generated hole accumulation at the electrode surface. 4. Methanol addition as a sacrificial hole scavenger was not effective due to probable poor catalytic activity of bismuth for CH 2 
